It has been postulated that cardiopulmonary baroreceptor unloading in humans results in nonuniform activation of the sympathetic nervous system. We reasoned that simultaneous measurements of arterial and venous norepinephrine (NE) spillover and clearance (using NE kinetics), muscle sympathetic neural activity (using microneurography), forearm blood flow (using plethysmography), and skin blood flow (using laser Doppler velocimetry) during lower body negative pressure at -15 mm Hg would isolate the location and extent of cardiopulmonary baroreceptor-mediated sympathetic nervous system activation. We exposed normal subjects (n =8) to lower body negative pressure for 30 minutes, with measurements obtained at baseline, 5-10 minutes (EARLY), and 25-30 minutes (LATE). We found that arterial NE spillover, reflecting systemic sympathetic nervous system activation, did not increase significantly, whereas arterial NE clearance decreased significantly. In contrast, forearm venous NE spillover, reflecting skin and muscle sympathetic nervous system activation, increased by 17% and muscle sympathetic neural activity by 35% EARLY, whereas venous clearance did not change significantly. Although laser Doppler skin blood flow did not change, plethysmographic forearm blood flow (combined muscle and skin blood flow) decreased by 28%. All changes were sustained throughout 30 minutes of lower body negative pressure. Our data suggest that sympathetic vasoconstriction to muscle is greater than it is to skin in response to cardiopulmonary baroreceptor unloading. Moreover, our data suggest that reduced NE clearance in the arterial circulation is the primary mechanism by which arterial NE concentrations rise. Conversely, NE spillover appears to be the primary mechanism responsible for increasing venous mm Hg negative pressure, the heart rate, aortic pulse pressure, and mean arterial pressure remained unchanged, but right atrial pressure decreased. This was associated with reductions in plethysmographically determined forearm blood flow and splanchnic blood flow. These findings indicate that LBNP of less than 20 mm Hg negative pressure probably unloads only low-pressure baroreceptors. In addition, several authors, using microneurographic techniques, have shown that low levels of LBNP increase nerve traffic to limb skeletal muscle.3-5 This increased efferent activity is postulated to be the neural counterpart of forearm vasoconstriction demonstrated plethysmographically.3
It has been postulated that cardiopulmonary baroreceptor unloading in humans results in nonuniform activation of the sympathetic nervous system. We reasoned that simultaneous measurements of arterial and venous norepinephrine (NE) spillover and clearance (using NE kinetics), muscle sympathetic neural activity (using microneurography), forearm blood flow (using plethysmography), and skin blood flow (using laser Doppler velocimetry) during lower body negative pressure at -15 mm Hg would isolate the location and extent of cardiopulmonary baroreceptor-mediated sympathetic nervous system activation. We exposed normal subjects (n =8) to lower body negative pressure for 30 minutes, with measurements obtained at baseline, 5-10 minutes (EARLY), and 25-30 minutes (LATE). We found that arterial NE spillover, reflecting systemic sympathetic nervous system activation, did not increase significantly, whereas arterial NE clearance decreased significantly. In contrast, forearm venous NE spillover, reflecting skin and muscle sympathetic nervous system activation, increased by 17%
and muscle sympathetic neural activity by 35% EARLY, whereas venous clearance did not change significantly. Although laser Doppler skin blood flow did not change, plethysmographic forearm blood flow (combined muscle and skin blood flow) decreased by 28%. All changes were sustained throughout 30 minutes of lower body negative pressure. Our data suggest that sympathetic vasoconstriction to muscle is greater than it is to skin in response to cardiopulmonary baroreceptor unloading. Moreover, our data suggest that reduced NE clearance in the arterial circulation is the primary mechanism by which arterial NE concentrations rise. Conversely, NE spillover appears to be the primary mechanism responsible for increasing venous NE concentrations measured from the forearm during cardiopulmonary baroreceptor unloading. (Circulation Research 1990; 66:1720 -1728 I solated unloading of cardiopulmonary baroreceptor tone in humans is purported to result in a nonuniform activation of the sympathetic nervous system. Lower body negative pressure (LBNP) is a relatively simple and effective technique used to assess baroreflex function -in particular, the function of low-pressure baroreceptors. [1] [2] [3] all have demonstrated that with less than 20 LBNP, they do not directly examine activity at the neuroeffector junction. Norepinephrine (NE) spillover has been shown to be a better index of sympathetic nervous system activation and more accurately assesses neuroeffector junction activity than measures of plasma NE alone. 6 Recently, a sensitive tritiated ([3H]) NE radiotracer technique has been used to quantitate spillover of NE to plasma during orthostatic stress, which is known to unload both lowand high-pressure baroreceptors.7 To date, studies examining the effect of low-pressure baroreceptor unloading on NE spillover and clearance have not been done.
The purpose of this study was to measure systemic arterial and forearm venous NE spillover and clearance and to measure muscle sympathetic nerve traffic simultaneously. In addition, we also measured plethysmographic forearm blood flow (skin and muscle) and laser Doppler velocimetric skin blood flow to assess the vasoconstrictor responses in each vascular bed during LBNP. In this way, we could examine in detail multiple indexes of sympathetic nervous system efferent limb function in response to isolated cardiopulmonary baroreceptor unloading. We postulated that the use of multiple modalities would yield important information regarding the extent and localization of sympathetic nerve efferent limb activity that results from unloading low-pressure baroreceptors.
Subjects and Methods

Subjects
The study group consisted of eight normal subjects with a mean age of 25±1.4 years (±SEM) (range, 22-33 years). The protocol was reviewed and approved by the clinical investigation committee of the Milton S. Hershey Medical Center. Informed consent was obtained from each individual.
No subject enrolled in the study had a history of heart disease, hypertension, or thyroid disease, and no subject was taking medications or substances that might have altered sympathetic nervous system activity.
A separate group of five subjects (two normal subjects and three heart-failure patients) was studied using continuous-infusion [3H]NE infusion rate (dpm.min-1m-2)
[3H]NE specific activity (dpm. nmol-1)
Although it is assumed that NE rerelease occurs from sympathetic nerve terminals, the contribution to the overall pool for our purposes was assumed to be negligible.
Forearm Blood Flow Technique
Forearm blood flows (milliliters per minute per 100 milliliters of tissue) were measured by the venous occlusion technique using a mercury-in-Silastic singlestrand strain-gauge plethysmograph.1"-'3 This technique measures both muscle and skin blood flow." Subjects were supine with the elbow and wrist supported and midforearm free at a height of 10 cm above the heart. After being externally calibrated at a force of lOg, the strain gauge was placed 10 cm below the olecranon process on the forearm from which venous blood samples would be obtained. Before obtaining any flow measurements, the hand circulation was occluded for 1 minute by inflating to 240 mm Hg a pneumatic cuff placed at the wrist.1 All measure-ments were performed with a collecting pressure of 50 mm Hg.1""3 Arterial blood pressure was recorded simultaneously with each blood flow measurement. Mean arterial blood pressure (mm Hg) was continuously measured with a standard pressure transducer. Forearm resistance was derived from the mean arterial blood pressure and the forearm blood flow. Resistances are expressed in millimeters of mercury per milliliter per minute per 100 milliliters of tissue.
Laser Doppler Velocimetric Skin Blood Flow Technique
These measurements were performed to assess the contribution of skin blood flow to overall forearm blood flow changes during LBNP of -15 mm Hg. Skin blood flow was measured by the laser Doppler velocimetric technique13'14 using a commercially available laser Doppler flowmeter (Laser flow BPM 403, TSI, St. Paul, Minnesota), which was placed 1-2 cm below the mercury-in-Silastic strain-gauge plethysmograph. The technique for acquisition of skin blood flow by this method has been previously described by our laboratory.13 With this system, the product of derived blood volume and red cell velocity is used to calculate a number that is proportional to blood flow. The voltage measurement is then multiplied by a conversion factor (6. Statistical analyses of data were made using a within-subject one-way analysis of variance for repeated measures.18 If a significant F value was found, determination of significance between measurement time periods was accomplished using the Student-Newman-Keuls post hoc analysis.'9 All data are expressed as mean±SEM.
Results
The complete results of this study are shown in Table 1 . Adequate high-fidelity nerve recordings were obtained in six of the eight subjects studied.
We continuously monitored left radial artery pulse pressure, mean arterial pressure, and heart rate. We noted a small but significant increase in heart rate in response to LBNP (F=3.66 [3/21] (Figure 2) . In contrast to the significant decrease in plethysmo- (Figure 2 ).
The patterns of change for plasma NE spillover, MSNA, and forearm vascular resistance are shown in Figure 3 . The patterns of activation for these separate indexes of neural activity are strikingly similar. [3/21];p<0.01) ( Table 1) . However, as demonstrated in Figure 4 , the relative contributions of NE spillover and clearance in each circulatory bed were quite different. In the arterial circulation, clearance was the primary process causing the increase in plasma NE concentration. Although there was a trend toward an increase in arterial spillover EARLY, this increase did not achieve statistical significance and was not evident LATE. In contrast, venous plasma drawn from the forearm revealed that spillover was the more important mechanism causing the increase in plasma venous NE.
Five of the six subjects in which both MSNA and forearm venous NE spillover were measured showed larger percent increases in MSNA when compared with NE spillover. If the various parameters are compared within individuals, however, substantial variability is noted. For example, the subject with the greatest variability showed a 74% increase in MSNA total amplitude and a 20% reduction in forearm venous NE spillover along with an 8% reduction in forearm venous NE concentration. This was the only subject with a decrease in NE forearm venous spillover and NE concentration. This subject had a small increase in plethysmographically determined forearm vascular resistance (18%) (reflecting skin and muscle vascular resistance) but a large reduction in skin vascular resistance (26%).
Radioactive counts obtained in studies of five subjects during supine, 80-minute constant infusion of [3H]NE revealed no significant change between each 20-minute sample when compared with the sample obtained 20 minutes after completing the bolus, as determined by one-way analysis of variance for repeated measures (F=0.927 [3/12] ). These data demonstrate that the reductions in NE clearance noted during the primary study were not due to the inability to achieve a steady state but rather were a true reflection of a reduction in arterial NE clearance.
An example of original and filtered peroneal nerve traffic, electrocardiogram, arterial pressure, and forearm blood flow from one subject is presented in Figure 5 . Discussion In this study we investigated the effects of prolonged isolated cardiopulmonary baroreceptor BASEUNE A L. Norepinephrine Spillover and Clearance: Arterial and Venous Spillover of NE to plasma represents 22% of total body NE released.20 Despite this limitation, a change in NE spillover is a more accurate indicator of sympathetic nervous system activation than circulating plasma NE because plasma NE reflects alterations in both NE spillover and NE clearance.6,7 Measurement of venous NE spillover in blood obtained from an antecubital forearm vein has been thought to represent NE release and NE extraction predominantly in the forearm.21 In our study, we found that venous NE spillover measured from the forearm increased significantly but to a lesser degree than that of peroneal nerve traffic. This finding may reflect alterations in the junctional handling of NE and can potentially be explained by increased NE reuptake, increased metabolic degradation of NE, or increased a2-receptor inhibition of NE junctional release. These potential mechanisms may result in a nonlinear relation between muscle sympathetic nerve traffic in the peroneal nerve and NE spillover measured from forearm venous blood. Another potential explanation is that a dilutional effect occurs by admixture of blood from sympathetic nervous system-activated muscle vasculature, with blood from the inactive cutaneous vasculature of the forearm. This is perhaps the most likely explanation; indeed, data of one subject presented in our results strongly support this concept. In this subject, MSNA increased by 74%, whereas NE spillover and NE concentration decreased. Not surprisingly, this subject had a 33% increase in forearm skin blood flow. Parenthetically, we believe that it is this variable dilutional effect by skin blood flow that makes intraindividual comparisons of MSNA and forearm venous NE spillover difficult. Finally, it should be stated that MSNA was measured in the leg and venous spillover was measured in the forearm. This also could potentially cause different percent changes from baseline. We think this is unlikely because Rea and Wallin5 have recently shown similar percent changes from baseline for peroneal and radial nerve MSNA in response to baroreceptor unloading.
Unlike forearm venous spillover, no significant change was found in arterial spillover. This suggests there is less activation of systemic beds aside from muscle. This may in part account for the overall higher concentration of both arterial and venous plasma NE in response to hypotensive LBNP compared with concentrations noted with lower levels of LBNP. Hypotensive LBNP presumably unloads both low-and high-pressure baroreceptors and results in greater plasma NE concentrations than with cardiopulmonary baroreceptor unloading alone. 7, 22 A surprising finding of the present study was the difference in NE spillover and clearance in the forearm venous and arterial circulations. Our data suggest that during low-pressure baroreceptor unloading, skeletal muscle NE spillover is the predominant mechanism that raises forearm venous plasma NE concentrations. In contrast, in the arterial circulation, the increase in plasma NE is more influenced by changes in arterial NE clearance. The mechanism for this reduction in arterial NE clearance is unclear, although it is known that LBNP and orthostatic stress can reduce cardiac output and alter the distribution of blood flow22-24; both of these factors can reduce NE clearance.7 Thus, we postulate that low-pressure baroreceptor unloading exerts its predominant effect on the concentration of arterial NE by reducing cardiac output only, by altering the distribution of blood flow, or both. Further studies are necessary to confirm this postulate.
Plethysmographic and Laser Doppler Blood Flow
Blood flow responses to sympathetic nervous system activation have been studied by several authors.1-3,11-13,25-27 Our data reveal a decrease in forearm blood flow similar to previous reports in response to nonhypotensive LBNP.1-3,26 Not surprisingly, these data support the suggestion that a direct relation exists between neural activity and alterations in vascular resistance.
The smaller percent increases in forearm vascular resistance (Table 1) as compared with that of MSNA may be due to the fact that skin blood flow was not significantly affected by LBNP. This would tend to offset a muscle vasoconstrictor response when measured by strain-gauge plethysmography. Beiser et a127 have shown that both skin and muscle vascular resistance changes occur in response to baroreceptor unloading induced by LBNP. It should be noted, however, that the skin resistance changes reported in that study were the result of combined low-and high-pressure baroreceptor unloading with 60 mm Hg LBNP for 3 minutes. Our observations regarding the lack of significant changes in skin blood flow are consistent with previous work demonstrating that skin blood flow does not change significantly during LBNP of less than -20 mm Hg.26 Thus, we believe our findings are consistent with the postulate that the overwhelming decrease in forearm blood flow that occurs with -15 mm Hg LBNP is due to decreases in muscle blood flow.
Potential Limitations
Because of minor but significant increases in heart rate noted in our subjects in response to LBNP at -15 mm Hg, there may have been some degree of arterial as well as cardiopulmonary baroreceptor unloading. We believe this effect on arterial baroreceptors was minimal in light of absent changes in mean arterial pressure and aortic pulse pressure. In addition, the plasma NE concentrations found in our subjects were only a fraction of those previously reported when normal subjects were subjected to head-up tilt,7 a stimulus known to unload both cardiopulmonary and arterial baroreceptors.
Prior reports have used calculations of regional NE kinetics to determine the contribution of various organ vascular beds to overall systemic NE kinetics. 21 Although determination of regional NE kinetics of the forearm might have been useful in quantifying NE extraction and in measuring local NE release and clearance more accurately, calculations were not performed in our subjects because of our inability to partition muscle blood flow from that of skin blood flow. Without knowing forearm muscle mass, muscle blood flow could not be calculated. Moreover, the antecubital blood sample was composed of both skin and muscle effluents so we could not partition these components and had no way of knowing exactly how LBNP would affect the relative contribution from each vascular bed. This last factor is especially important in our study because we found no significant difference in laser Doppler velocimetrically determined skin blood flow in response to low levels of LBNP. Therefore, we elected to discuss only the previously calculated parameters of venous clearance and spillover.
Conclusions
This study represents the first report using a direct nerve recording technique and continuous-infusion [3H]NE radiotracer methodology simultaneously to study cardiopulmonary baroreceptor function in humans. Using these modalities in conjunction with forearm plethysmography and laser Doppler velocimetry, we have demonstrated that low-pressure baroreceptor unloading predominately activates skeletal muscle. Moreover, our data suggest that reduced clearance of NE in the arterial circulation is the primary mechanism by which arterial NE concentration rises, whereas increased forearm venous NE spillover is predominantly responsible for increased venous NE concentrations noted during isolated cardiopulmonary baroreceptor unloading.
